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The cytoplasm of eukaryotic cells is generally described as a biphasic poroelastic medium 4,5 composed of a fluid phase, the cytosol, which consists of water and soluble proteins, and a solid phase that consists of the cytoskeleton, endomembranes, organelles and supramolecular complexes 6 . Starting from the seminal work on the mobility of IgG and BSA 7 , a plethora of-often conflicting-findings about cytosolic diffusion has been reported and reviewed 8, 9 . Early fluorescence recovery after photobleaching experiments with inert dextran and Ficoll pointed to a cytosol slightly (1-4 times) more viscous than water 10, 11 , whereas experiments with various proteins 6 yielded to an apparent cytosol viscosity that varies between 0.007 (for insulin 12 ) and 0.49 (for green fluorescent protein 13 ). Theoretical work 14 and in vitro experiments in dense, crowded solutions and in cell extracts 15, 16 also suggest that diffusion in the cytoplasm could deviate from Brownian motion. Experiments in cells led to the observation of both phenomena: Brownian diffusion 17, 18 and subdiffusive motion [19] [20] [21] . As all these results were obtained with a variety of tracers and in different experimental conditions, a fundamental, long-lasting 22 and yet unresolved question is whether a unified framework can account for the large variability of behaviours observed for cytosolic diffusion.
Two major classes of phenomena can affect the mobility of a tracer and potentially lead to subdiffusion. First, obstacles are expected to induce steric hindrance, which limits the accessible space and thereby slows down diffusion 15, 23 . We refer to these geometric effects as 'obstructive molecular crowding' caused by a high concentration of macromolecules in the cytoplasm 18, 24 . Second, biochemical (for example, electrostatic or hydrophobic) interactions with elements of the cytoplasm, referred to here as 'non-specific interactions' , can give rise to transient immobilization and reduced mobility. In the present work, using single-particle tracking 25 of fluorescent nanoparticle (NP) tracers, we show that inert objects, of size below ~75 nm, are not affected by obstructive molecular crowding and behave as Brownian particles diffusing in a medium of low viscosity. For tracers with a given size (~25 nm) but with increasing levels of non-specific interactions, we find that the effective diffusivity is progressively slowed down by more than three orders of magnitude as diffusion gradually becomes anomalous. We show that a simple continuous time random walk (CTRW) model, in which the strength of non-specific interactions is captured into a single parameter, is sufficient to capture the intracellular mobility of all the different probes analysed.
Tracers of similar size have different diffusivities
To inspect systematically the cytoplasmic mobility of nanosized objects, we first established a methodology to quantify and compare the diffusivity of two different NPs with similar size: rhodaminedoped, streptavidin-coated polystyrene/polymethacrylate particles (called '25 nm Rho-NPs' , but of measured diameter 35 nm ± 8 nm) and 655 ITK amino (PEG) quantum dots (called 'QDs-PEG-NH 2 ' , about 20 nm in diameter 26 ). Probes were internalized in HeLa cells through pinocytic loading 27 , which allows the delivery of 20-50 individual NPs per cell. Control experiments ensured that the pinocytic loading effectively yielded dispersed NPs in the cytosol of viable living cells (Methods, Supplementary Figs . 1-7 and Supplementary Videos 1-5).
The cytoplasmic diffusion of individual NPs was recorded by time-lapse microscopy and quantified using single-particle tracking analysis. From each individual trajectory, we extracted two complementary parameters. First, we estimated the mobility at short timescales by computing the time-averaged mean square displacement (taMSD) at 60 ms, ⟨ ⟩ r 60ms 2 T (Methods). For convenience, we express this observable in terms of a diffusion coefficient = ⟨ ⟩ ∕ δ D r 4 60ms 60ms 2 T (with δ = 60 ms). Second, we characterized the mobility at long timescales by computing the anomalous exponent. We selected trajectories longer than 40 time points and fitted each individual taMSD curve with a general model of diffusion ⟨ ⟩ ≈ α r t
T
, from which we determined the anomalous exponent α as a single fitting parameter. To represent the behaviour of the whole population of NPs in each condition, the distribution of the parameters α and D 60ms that arise from each individual trajectory was represented as a two-dimensional (2D) density map 28 ( Fig. 1) . Given the robustness with respect to the choice of parameters used for their computation ( Supplementary  Fig. 8 ), α-D 60ms maps can be used as benchmarks to compare systemically the mobility of nanosized objects in the cytoplasm of living cells.
In the case of 25 nm Rho-NPs (Fig. 1a,b) , we found a predominant subpopulation with D 60ms that peaked at 1.34 ± 0.07 μ m 2 s −1 (all values are mean ± s.e.m.; the number N of trajectories considered in the analysis is reported in the figure legends) and α = 0.92 ± 0.01, close to 0.96 ± 0.02, the value obtained for simulated Brownian particles (Methods). In addition to (fast) Brownian particles, 25 nm Rho-NPs presented a second (slow) population (~30%) with reduced instantaneous mobility, D 60ms = 0.51 ± 0.05 μ m 2 s −1
, and strongly subdiffusive α = 0.18 ± 0.02 (Methods and Supplementary Fig. 9 ).
For QDs-PEG-NH 2 , we found a single broad peak in the α-D 60ms plane (Fig. 1c,d ). The distribution of D 60ms spanned more than three orders of magnitude, as for 25 nm Rho-NPs, but peaked at 0.15 ± 0.01 μ m 2 s −1
, one order of magnitude smaller than for 25 nm Rho-NPs. Furthermore, the exponent α = 0.71 ± 0.01 pointed to a deviation from Brownian diffusion. As a reference, the distribution obtained with the same QDs-PEG-NH 2 in a glycerol solution (80% v/v) is more homogeneous (Fig. 1e) , with α ≈ 1, indicative of Brownian diffusion (Fig. 1f) . Thus, the heterogeneity in QDs-PEG-NH 2 mobility and its deviation from Brownian diffusion and from the behaviour of 25 nm Rho-NPs do not arise from a broad size distribution of the QDs-PEG-NH 2 or from specific features of single-particle tracking analysis, but are intrinsic to the intracellular mobility of QDs-PEG-NH 2 .
rho-NPs undergo Brownian motion for sizes up to 50 nm
We next investigated the range of particle sizes over which the observation of Brownian motion was valid by comparing the mobility of Rho-NPs of increasing dimension (15, 25, 50 and 75 nm in diameter ( Supplementary Fig. 10) ). As pinocytic loading does not work for large objects, 75 nm Rho-NPs were microinjected. In the α-D 60ms plane, NPs below or equal to 50 nm had similar features, majorly peaking at α ≈ 1 and with D 60ms on the order of 1 μ m 2 s −1 (Fig. 2a-c) . Remarkably, D 60ms decreased as the inverse of NP size, as expected for diffusion in a homogeneous medium, and the apparent cytoplasmic viscosity-estimated using the Stokes-Einstein equation-was 10-15 times higher than that of water ( Supplementary Table 1) , that is, about five times higher than previous reports for the viscosity of the fluid phase of the cytoplasm 29, 30 . The diffusive properties of 75 nm Rho-NPs were strikingly different (Fig. 2d) 
QDs show subdiffusive behaviour
To assess the departure of QDs-PEG-NH 2 from Brownian diffusion, we computed the ensemble average of all individual Fig. 3a and Supplementary Fig. 11 ), a single exponent α failed to describe the experimental data because it evolved from 1 at short timescales (tens of milliseconds) down to 0.7 at timescales on the order of seconds. We found that this variation of α was due to the ensemble averaging procedure, which samples trajectories unevenly. Diffusing NPs can escape the volume of observation, determined by the depth of field of the microscope (~500 nm), which results in an exponential distribution of trajectory lengths (mean duration of 1.4 s ( Supplementary Fig. 12) ). Due to the limited imaging depth, particles with small D 60ms tend to stay longer within the observation volume and, thus, yield longer trajectories than fast-diffusing particles 31 . Therefore, averaging together all individual taMSDs led to a progressive decrease with time of the slope of the ensemble average of taMSDs, as the contribution of slow NPs becomes predominant at longer times ( Supplementary Fig. 13 ).
To overcome this bias, we considered trajectory data sets homogeneous in length. Specifically, we chose trajectories that lasted at least N steps to build the ensemble average of taMSDs, ⟨⟨ ⟩
T E , which we computed up to time NΔ t. By doing so, we ensured that all the trajectories contributed equally to the ensemble average over the total time span considered. In Fig. 3b ,
is plotted in log-log scale for N equal to 30, 75 and 150 steps (corresponding, respectively, to time windows of 0.9, 2.25 and 4.5 s). Strikingly, even if the three MSD curves include different partitioning of the QDs-PEG-NH 2 population (the longer the trajectories are, the slower the mobility is), all the curves are linear in log-log scale with an identical exponent α ≈ 0.82, indicative of a uniform behaviour. We thus concluded that QDs-PEG-NH 2 diffusion can be well described by a homogeneous subdiffusive process.
QDs subdiffusion arises from non-specific interactions
We first inspected if confinement by the cytoskeleton or internal membranes could explain the observed QDs-PEG-NH 2 subdiffusion. We used different drugs known to disrupt the actin meshwork, the microtubule network and the Golgi apparatus (latrunculin-A, nocodazole and Brefeldin-A, respectively), but we found no substantial change in the subdiffusive behaviour of QDs-PEG-NH 2 ( Supplementary Fig. 14) . We also analysed QDs-PEG-NH 2 trajectories using a confined diffusion model to fit individual ⟨ ⟩ r 2 T curves. We found no strong evidence for confinement with and without drugs (Supplementary Fig. 15 and Supplementary Table 2 ). We concluded that, for NPs below the critical cutoff size of 75 nm, geometric restrictions due to confinement within the cytoskeleton meshwork or the Golgi have no pronounced effects on cytoplasmic mobility.
We next aimed to discriminate between steric hindrance due to the high density of obstacles and transient non-specific interactions. In the latter case, anomalous diffusion would arise from a broad distribution of interaction times, whose specific signature would be the loss of equivalence between temporal and ensemble averages, a phenomenon called ergodicity breaking 32 . We therefore performed a simple statistical test for ergodicity 33 . Following the approach proposed by Weigel et al. 34 , we compared the distribution of time-averaged square displacements (shown in Fig. 1c ) to the distribution of ensemble-averaged square displacements. As visible in Fig. 3c , the distribution of time-averaged square displacements is much broader than the distribution of ensemble-averaged square displacements, an indication of ergodicity breaking (observed also under Brefeldin-A and latrunculin-A treatments ( Supplementary  Fig. 16a) ). In contrast, QDs-PEG-NH 2 diffusing in glycerol satisfied ergodicity (Fig. 3d) . We also observed ageing in the trajectories 34, 35 ( Supplementary Fig. 16b ), an additional signature of ergodicity breaking. Altogether, our analysis strongly supports the view that non-specific interactions rather than obstructive molecular crowding are at the origin of subdiffusion.
To demonstrate further the role of non-specific interactions, we hypothesized that diffusion should be affected by the surface properties of the tracer and thus we screened QDs with different surface chemistries and charges. We found the distribution of D 60ms to depend strongly on the surface coating of the QDs (Fig. 3e ), but with no correlation between the electrostatic potential and the degree of reduced mobility (Supplementary Table 3 ). Although the passivation of quantum dot surfaces greatly increased mobility, neither PEG nor streptavidin coating resulted in quantum dots as diffusive as Rho-NPs. Most probably, the strongly interacting QDs core still contributed to non-specific binding even after passivation.
A minimal CTrW model captures the diffusion of all NPs
As shown, the cytoplasmic mobility of particles of similar size (~25 nm) varied over several orders of magnitude, with median instantaneous diffusivity coefficients D 60ms that ranged from 0.005 μ m 2 s −1 for QDs without any additional surface coating (QDsItk-COOH) up to 1 μ m 2 s −1 for Rho-NPs. Additionally, we observed both Brownian and anomalous diffusion. We thus wondered if this large variability of cytoplasmic mobility could be captured in a simple, unified framework. First, we supposed the diffusion coefficient of a perfectly inert 25 nm object to be 10 μ m 2 s −1
, a value that corresponds to the fastest intracellular diffusion coefficient reported in the literature for objects (dextran polymers 29 ) of that size. We next hypothesized that non-specific interactions would affect the diffusive properties of NPs through transient binding to immobile or slowly moving objects. Specifically, we considered a CTRW model with a waiting (immobilization) time distribution, P(t), between each step of the walk, of the form
(defined for t > t 0 ). The lower bound t 0 of the distribution is taken here to be the acquisition time and γ is a positive parameter that encompasses the strength of non-specific interactions. The mean waiting time
is equal to γt 0 /(γ− 1) for γ > 1 and diverges for 0 < γ≤ 1. For large γ, the mean immobilization time is close to t 0 and it increases for decreasing γ values.
We simulated trajectories using our minimal CTRW model for different values of γ and conditions similar to those of our experiments (Methods). Remarkably, the simulated trajectories captured all the different behaviours observed. For very large γ (that is, t ≈ t 0 ), the simulated trajectories showed free diffusion (α = 0.97 ± 0.01) and D 60ms = 9.8 ± 0.1 μ m 2 s −1 , thus very close to the value assumed for perfectly inert tracers (Fig. 4 , γ = ∞ ). As γ decreases towards 1, the diffusion remained Brownian (α ≈ 1), but with reduced instantaneous diffusivity coefficients D 60ms due to the increasing mean immobilization time (Fig. 4 , γ = 10 to 1). This regime captured the diffusive properties of Rho-NPs. Interestingly, when γ was lower than 1 (Fig. 4, ( Fig. 1d) . Finally, for very small values of γ (Fig. 4 , γ = 0.1), trajectories could only probe a limited number of immobilization times because of the finite observation time. This resulted in a large variability in the mobility of individual objects and in a distribution in the α-D 60ms plane that captured the feature observed for 'naked' QDs (QDs-Itk-COOH).
Given the ability of our model to capture the diffusivity of various NPs, we wondered if we could find a perfectly inert NP in the same size range for which we should observe Brownian diffusion with a diffusion coefficient close to 10 μ m 2 s −1
. To this end, we probed the mobility of ferritin NPs passivated with polyethylene glycols (PEGs), which have a size of about 25 nm, thus similar to that of the other NPs analysed, and which were recently shown to behave as highly inert probes 36 . Remarkably, we observed a fast diffusion of ferritin NPs (Fig. 5, ), about ten times larger than that for 25 nm Rho-NPs and very close to the value expected for an intracellular viscosity between 2 and 4 times that of water. The exponent α was 0.86 ± 0.01 lower than expected for purely Brownian particles, probably because of the broad distribution of MSDs due to rapid (out-of-plane) motion of the ferritin NPs and the consequent short exposure time and fast frame rate required to track them.
Overall, our simple phenomenological model based on transient immobilization is capable of capturing all the diffusive properties observed in HeLa cells for the different NPs analysed. The model also provides a ranking of NP mobility according to the strength of their non-specific interactions (Fig. 5, left panels) . Remarkably, the ordered α-D 60ms maps show a very similar trend for a wide range of adherent mammalian cells, including primary cells (Fig. 5) . These results support the notion that the transport properties of NPs of similar size are set by the physical nature of the cell interior and by the NP surface properties rather than by specific features of different cell types. Altogether, α-D 60ms maps constitute a gauge to assess the degree of non-specific interactions of NPs within the cytoplasm.
Addressing the cytosolic diffusion of nanosized objects
Two major frameworks have long been competing to explain subdiffusion in the cytosol, one based on geometrical constraints 37 and one on biochemical interactions 38 . For objects below the 'pore' size of the cytoplasm (defined as the interstitial size of the cytoplasm 'solid' matrix), our results unequivocally point to the predominant role of biochemical interactions. The first and most compelling argument comes from the fact that if mobility was hindered by geometric obstructions then all particles of the same physical size would be affected, irrespective of their composition and surface properties. On the contrary, we found very heterogeneous diffusive dynamics, including Brownian particles diffusing as fast as 14 μ m 2 s −1
. Thus, not only proteins 39 but also cytoplasmic objects with a size of a few tens of nanometres can diffuse freely in a fluid phase barely more viscous than water. The second argument, based on the detailed analysis of QD trajectories, comes from the observed ergodicity breaking, which dismisses the geometrical argument in favour of the biochemical hypothesis.
Yet, for NPs that show pronounced non-specific interactions, such as, for instance, QDs-Itk-COOH, the reduced mobility might be caused by an increased effective NP size due to a stable protein corona forming around them 40 . However, as shown by the Rho-NP data, the change in diffusivity between NPs of 15 and 50 nm is only a factor two. Thus, a putative corona effect cannot account for the spread over more than three orders of magnitude observed for different types of NPs. Concerning the sub-diffusive behaviour of QDs-PEG-NH 2 , given that taMSD curves have exponents smaller than one (mean α = 0.82 ( Supplementary Fig. 17) ), a subordinated diffusion process 41 that involves both ergodic viscoelastic effects and non-ergodic immobilizations could be invoked. Yet, if cytoplasm behaved as a viscoelastic medium for probes of 25 nm in size, we should observe sub-diffusion for all the NPs employed. However, given that Rho-NPs showed Brownian diffusion, we can exclude a role for cytoplasmic viscoelasticity at this particular scale.
In summary, we propose a unified framework to describe the diffusive dynamics of nanosized objects in the cytoplasm of eukaryotic cells (Fig. 6) . First, as verified in HeLa cells and in line with previous reports 10, 11, 42 , diffusion is unconfined as long as the object size does not exceed the pore size of the cytoplasm (between 50 and 75 nm). Above this size, diffusion is restricted by the solid meshwork of the cell and movements of the probes, which happen on timescale of minutes, are mainly dictated by active stirring 43 and cytoskeleton dynamics 44, 45 . Second, the intrinsic viscosity of the cytosolic fluid phase is low (2-4 time the viscosity of water), which confirms previous results 29, 30 . Third, diffusion can be slowed down by non-specific interactions with intracellular components that cause an increase of the apparent viscosity. If the strength of interactions is weak, diffusion remains Brownian, whereas sub-diffusive behaviour arises when the distribution of immobilization times is broad enough so that the average immobilization time diverges. The nature of the components to which tracers bind is presumably diverse; nevertheless, they have to be sufficiently immobile to considerably slow down the diffusion of the interacting probes. These intracellular 'binders' can be organelles, vesicles and internal membranes, as well as macromolecular complexes bigger than the pore size and thus subjected to constrained motion in the cytoplasm.
Importantly for further methodological developments, our tracking assay and the α-D 60ms representation provide a quantitative benchmarking tool for the design of perfectly inert NPs. The assay can be used to systematically screen the surface properties of NPs (such as the charge or the nature of the surface passivation coating). In particular, our findings indicate that the design of functionalization strategies for NP delivery 46 and manipulation 47 in the cytoplasm, an important goal in nanobiosciences, should not be limited to testing endosomal escape and cytosolic localization. It should also include the analysis of cytoplasmic mobility of NPs, as this can dramatically vary and affect the ability of NPs to reach molecular targets inside cells.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41563-018-0120-7. Objects (red spheres) that have a size larger than the cytoskeleton pore size (between 50 and 70 nm) are trapped in a viscoelastic medium and experience restricted diffusion. On timescales of seconds, such large objects are confined, whereas they will move at longer timescales thanks to the remodelling of internal structures (cytoskeleton and endomembranes). Objects of size smaller than the pore size diffuse in a liquid phase with an apparent viscosity that depends on the strength of the biochemical interactions. If objects are perfectly inert, they diffuse freely without hindering due to obstacles. The apparent viscosity is then slightly higher than that of water. When objects start to interact with immobile and slowly moving intracellular components, diffusion is slowed down but remains Brownian if the immobilization time does not exceed the timescale over which diffusion is measured. If the strength of interactions increases up to the point that the immobilization time can be longer than the observation time, the diffusion is further slowed down and becomes anomalous.
Cell culture. HeLa and NIH 3T3 cells were cultured in 1.0 g l -1 glucose, phenol-red free DMEM (11054020 (Gibco)) supplemented with 10% (v/v) FBS (10270106 (Gibco)), 1 × GlutaMAX (35050061 (Gibco)) and 100 U ml -1 of penicillin/ streptomycin (15140122 (Gibco)). Primary normal adult human dermal fibroblasts (HDFa) (PCS-201-012 (ATCC)) were cultured in 4.5 g l -1 glucose, phenol-red free DMEM (31053028 (Gibco)) supplemented with 10% (v/v) FCS (CVFSVF00-01 (Eurobio)), 1 mM sodium pyruvate (11360070 (Gibco)), 100 U ml -1 penicillin/ streptomycin (15140122 (Gibco)) and 1 × GlutaMAX (35050061 (Gibco)). Retinal pigmented epithelial (RPE-1) cells were cultivated using DME/F-12 medium (D8437 (Sigma-Aldrich)) supplemented with 10% (v/v) FBS (10270106 (Gibco)). Cells were passed every 3 d when they reached 80-90% confluency. Human mesenchymal stem cells (hMSCs) (MSC-001F (StemCell)) were cultivated with a MesenCult proliferation kit (05411 (StemCell)) in a flask coated with type I collagen (C8919 (Sigma-Aldrich)). Cells were passed every 10 d when they reached 70% confluency. All cells were maintained the at 37 °C in humidified CO 2 -controlled (5%) incubators. HeLa cells were purchased from ATCC. NIH 3T3 and hMSC cells were provided by M. Coppey-Moisan (Institut Jacques Monod) and originally obtained from ATCC and StemCell, respectively. RPE-1 cells were provided by B. Goud (Institut Curie) and originally obtained from ATCC. HDFa cells were provided by S. Letard and P. Dubreuil (Centre de Recherche en Cancérologie de Marseille) and originally obtained from ATCC.
NPs. The following quantum dots were purchased from Thermo Fisher Scientific: Qdot 655 ITK amino (PEG) (Q21521MP (QDs-PEG-NH 2 )); Qdot 655 ITK carboxyl (Q21321MP (QDs-Itk-COOH), Qdot 625 streptavidin conjugate (Q22063 (QDs-streptavidin)); Qdot 605 ITK streptavidin conjugate (Q10001MP (QDs-605)). QDs-peptide was previously obtained in the lab 48 and QDs-COOH-PEG were obtained by the PEGylation of QDs-Itk-COOH. The hydrodynamic radius of all the quantum dots is 20 nm (personal communication, Thermo Fisher Scientific). Red-emitting polystyrene/polymethacrylate NPs (Rho-NPs) of different diameters were made to our specifications by micromod Partikeltechnologie: 15 nm plain NH 2 (30-01-151), 25 nm streptavidin (30-19-251 ), 50 nm streptavidin (30-19-501 ) and 75 nm streptavidin (30-19-751) . The characterization of the Rho-NP size is reported in Supplementary Fig. 10 . Ferritin-PEG-Atto647N NPs (ferritin NPs) were previously obtained in the lab 36 . The zeta potential of the NPs is reported in Supplementary Table 3. NP internalization. NP internalization via pinocytosis in HeLa, NIH 3T3 and HDFa cells was done on adherent cells, plated on glass coverslips the day before the experiments, following the manufacturer's procedure (Influx reagent I14402 (Thermo Fisher Scientific)). The cells were incubated for 10 min at 37 °C with a hypertonic medium that contained the desired NPs at a concentration of ~15 nM. Then, coverslips were incubated vertically for 2 min in hypotonic medium (serumfree medium and deionized water in a 6:4 ratio) and washed extensively with fresh medium. Pinocytosis in RPE-1 and hMSC cells was done using the cells in suspension according to the advice of the Influx reagent provider. After being detached from the culture dishes, the cells were pelleted at 300g (RPE-1) or 450g (hMSC) and then resuspended and incubated for 10 min with 20 μ l of hypertonic solution with NP concentrations on the order of 4-10 nM for QDs-Itk-COOH, QDs-PEG-NH 2 and ferritin NPs and of 90 nM for 25 nm Rho-NPs. Next, 1 ml of hypotonic medium was added and, 1 min after the addition, the cells were pelleted for 60 s. The total exposure to hypotonic medium ranged between 150 s and 180 s. The cells were then resuspended in fresh medium and washed at least three times. Finally, the cells were plated on glass coverslips previously incubated (30 min at 37 °C) with 100 μ g ml -1 type I collagen in PBS. In all cases, the cells were left to recover for at least 1 h in the incubator before imaging. For the microinjection experiments ( Supplementary Fig. 7 and used for 75 nm Rho-NP internalization), glass pipettes with an aperture of ~1 μ m were realized with a P-97 pipette puller (Sutter Instrument). The cells were injected using a semiautomatic microinjection system (Injectman II (Epperndorf)) with ~0.1 pl of NP solution (~15 nM in PBS), which represents about one-tenth of the cell volume. Cell injection was done within a small coverslip area marked by drawing a circle below the coverslip. After injection, the cells were placed in the incubator for 1 h before imaging to ensure their recover and osmolarity re-equilibration. For experiments that involved drug treatments, after QDs internalization, the cells were incubated for 1 h with the indicated concentration of drug freshly diluted from concentrated dimethylsulfoxide stocks.
Characterization of NP internalization. The osmotic shock applied during pinocytosis led to the bursting of most of the ~2 µ m diameter pinocytotic vesicles (about eight vesicles were formed per cell) and to the delivery of 20-50 individual NPs per cell (Supplementary Fig. 1 ). After pinocytic treatment, ~70% of the cells were viable and we did not observe any additional toxicity due to the NPs (Supplementary Fig. 2 ). The remaining unburst vesicles (at most three per cell ( Supplementary Fig. 1)) were systematically excluded when selecting regions of interest for analysis ( Supplementary Videos 1 and 2) . Contrary to the NPs enclosed in unburst vesicles, NPs released in the cytosol were able to diffuse in the whole cytoplasm, without entering into the nucleus, and to target specific cellular components effectively (Supplementary Fig. 3 ). In the case of QDs-PEG-NH 2 , we observed blinking of the fluorescence signal, a typical signature of individual emitters ( Supplementary Fig. 4 and Supplementary Video 3) indicative of monodispersed particles. When NPs of two distinct colours were co-internalized, no co-localization or correlated dynamics were observed ( Supplementary Fig. 5 and Supplementary Videos 4 and 5). We did not find significant differences in the behaviour of both 25 nm Rho-NPs and QDs-PEG-NH 2 when performing experiments in two different mammalian cell lines (HeLa and 3T3 ( Supplementary  Fig. 6 )) or when NPs were microinjected in cells, as an alternative internalization method (Supplementary Fig. 7 ).
Imaging. The cells were imaged using thermalized (37 °C), atmospherecontrolled (5% CO 2 ) inverted microscopes, using high numerical aperture 100 × oil-immersion objectives and back-illuminated electron-multiplying charge-coupled devices for image acquisition. After NP internalization, we selected 20-30 regions of interest (~150 × 150 pixels) away from the cell nucleus that did not contain unburst vesicles, which were easily distinguished from single diffusing NPs (Supplementary Videos 1 and 2) thanks to their brightness and size (Supplementary Fig. 1 ). Each recording lasted for 1,000 frames and at least 12 cells were imaged for each experimental condition from at least three different sample preparations. In the HeLa, NIH 3T3, RPE-1 and hMSC experiments, time-lapse images of the diffusing QDs were recorded using a Xe lamp for ultraviolet epifluorescence illumination, a bandpass filter (FF02-641/75-25 (Semrock)) and an exposure time of 30 ms. Rho-NPs were imaged with an exposure time of 10 ms under wide-field laser excitation (561 nm) using a longpass dichroic filter with a cutoff at 573 nm (FF573-Di01-25× 36 (Semrock)) and an emission filter centred at 593 nm (FF01-593/46-25 (Semrock)). Recordings of the rapidly diffusing ferritin NPs were performed with a 2 ms integration time using a previously described set-up 49 that employed a 640 nm laser and a long-pass emission filter (BLP01-635R-25 (Semrock)). Two-colour experiments ( Supplementary Fig. 5 and Supplementary Videos 4 and 5) were executed using a dual-view beam splitter (Photometrics). HDFa experiments were conducted using HILO illumination 50 and a multiband dichroic for laser excitation (Di01-R405/488/561/635-25× 36 (Semrock)). QDs were excited with a 405 nm laser and imaged through a bandpass filter (FF01-676/37-25 (Semrock)) using a 30 ms exposure time. Rho-NPs were observed under a 561 nm laser excitation using a bandpass filter (616/57, 489074 (Zeiss)) and 10 ms exposure time, whereas ferritin NPs were imaged with a 642 nm laser using a bandpass filter (FF01-676/37-25 (Semrock)) and 5 ms exposure time.
Trajectory analysis. A 2D projection (on the x-y plane) of the cytoplasmic diffusion of single NPs was recorded and analysed. Motion along the optical axis (z) was not considered under the assumption that all directions are equivalent for diffusion within an isotropic medium. Trajectories were reconstructed with the MATLAB (MathWorks) routine MTT, which accounts for blinking in the trajectories 51 . Each data set contained at least 140 trajectories that lasted more than 40 time points. Individual trajectories were analysed with homewritten MATLAB routines. 2D taMSDs were calculated using the formula τ τ τ
T , where the average is done over all points of the trajectory separated by a time interval τ (sliding average). To compute the taMSD ⟨ ⟩ r 60ms 2 T over 60 ms, we first performed a linear fit on the first points of the taMSD curves to remove the intercept at time 0, which is on the order of 60 nm for QDs (representative data set for NP intensities). As described by Michalet 52 , the accuracy in the determination of the slope of the MSD, which equals 4D in the present case, is related to the number of points used for the MSD fit. We compared the results obtained given different numbers of points for the fit (from two to ten) and found no significant variation in the α-D maps ( Supplementary Fig. 8a ). Thus, we chose to fit the taMSD curves up to 60 ms (two to six points depending on the data set) to make the comparison between all the NPs relevant. The obtained instantaneous diffusivities were called D 60ms . The ensemble average of taMSDs was calculated following the same routine as in Weigel et al. 34 The exponent α was obtained as single fitting parameter from the log-log plot of taMSD using a general diffusion model ⟨ ⟩ ≈ α r t 2 T
. We acknowledge that the offset of the MSD due to the static and dynamic errors, should be removed when fitting α either by performing a fit with one or two additional free parameters 53 or by removing a constant value. However, we found that the low statistics in the number of frames for individual trajectories prevented us from performing an unconstrained multiparameter fit. Doing so, we obtained unrealistic values for α and the errors. Yet, for all data sets with a mean diffusion coefficient greater than 0.1 μ m 2 s -1
, the MSDs at one time lag are at least one order magnitude larger than the pointing error and, thus, the bias in our estimation can be neglected. α-D 60ms maps were generated using the MATLAB function scattercloud, which smooths 2D histograms. The contour lines (percentiles of the probability density) were obtained using the MATLAB routine ksbivardens, which performs a bivariate kernel density estimation, and the function quantile. For the analysis of Rho-NP subpopulations, we used a k-mean algorithm to cluster data points in the α-D 60ms plane. We used four clusters and grouped together the two clusters with the largest D 60ms values to evaluate the fast population and the two with the smallest D 60ms values for the slow population (Supplementary Fig. 9 ).
Trajectory simulations. Brownian trajectories were simulated using MATLAB routines. The time lag was fixed at Δ t = 10 ms. Elementary Δ x, Δ y and Δ z steps were drawn from a normal distribution with zero mean and variance equal to Δ D t 2 , the diffusion coefficient D was chosen to be 10 μ m 2 s -1 (and 0.25 μ m 2 s -1
for Supplementary Fig. 13c ). Initially, one particle was randomly distributed in a representative box of 10 × 10 μ m and 1 μ m height to fit the experimental volume of detection, which included the limited focal depth of the microscope. The particle was then allowed to diffuse. Boundaries were considered to be reflective to take into account the exchange of particles in the observation field at equilibrium. However, each time a particle reached the boundaries, the trajectory was interrupted and a new one started to mimic particle loss by the tracking software; otherwise, trajectories were interrupted when they reached 500 time steps. Overall, the number of trajectories (4,000) as well as the trajectorylength distribution matched the experimental data. Simulated trajectories were subsequently analysed using the same routines used for the experimental ones. For CTRW trajectories, the boundary conditions were relaxed to keep ideal, perfectly inert particles, with a diffusion coefficient of 10 μ m 2 s -1
, in the computational volume for a time sufficient to generate long-enough trajectories. Specifically, the box linear dimensions were expanded by a factor of ten. Between subsequent steps, which corresponded to elementary jumps that lasted 10 ms with D = 10 μ m 2 s -1
, the particle was immobilized for a random waiting time T sampled from the cumulative distribution F(T>t) = (t 0 /t) γ . Reporting summary. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article.
Code availability. Further information on experimental design is available in the Nature Research Reporting Summary linked to this article. Custom-written MATLAB routines (for MATLAB version R2015a) for the trajectory analysis, numerical simulation and density plot generation will be made available upon reasonable request to the authors.
Data availability. All the data supporting the findings of this study, within the article and its Supplementary Information, will be made available upon reasonable request to the authors. Life Sciences Reporting Summary Nature Research wishes to improve the reproducibility of the work that we publish. This form is intended for publication with all accepted life science papers and provides structure for consistency and transparency in reporting. Every life science submission will use this form; some list items might not apply to an individual manuscript, but all fields must be completed for clarity.
For further information on the points included in this form, see Reporting Life Sciences Research. For further information on Nature Research policies, including our data availability policy, see Authors & Referees and the Editorial Policy Checklist.
Please do not complete any field with "not applicable" or n/a. Refer to the help text for what text to use if an item is not relevant to your study. For final submission: please carefully check your responses for accuracy; you will not be able to make changes later.
Experimental design 1. Sample size
Describe how sample size was determined.
No statistical methods were used to predetermine the sample size. In the study, we analysed at least 12 distinct cells for each different experimental condition, a number in line with previous live cell imaging reports. The number of trajectories used for the analysis of each condition varies between 142 and 6531. The number of cells and trajectories analysed was considered to be statistically robust while preserving the feasibility of the experiments considering the 'single cell' approach of the study and that we used 5 diverse cell types, 10 different nanoparticles, 3 distinct drug treatments, and 2 internalization methods, for a total of 29 different experimental conditions (i.e., more than 350 individual cells and tens of thousands of individual trajectories analysed).
Data exclusions
Describe any data exclusions.
No cells or trajectories were purposely excluded from the analysis. For the image aquisition, we selected subcellular region (squares), avoiding large unburst endocitic vesicles clearly visible by eye. This selection is detailed in the manuscript (in the methods section) and illustrated in Supplementary Information (Supplementary Fig. 1 and Supplementary Video 1 and 2) . In order to analyse diffusion at long time scales and generate diffusivity plots (alpha-D maps), we considered trajectories longer than 40 time points. As shown in Supplementary Fig. 8 , such a trajectory length represents a suitable trade-off between trajectories long enough to have limited scattering in the diffusivity maps but still short enough to avoid the strong bias towards sub-diffusion shown by long trajectories, generated by nanoparticles remaining long in the focal plane. In Fig. 3b , trajectories were selected in order to be homogeneous in length. As discussed in the manuscript and shown in Supplementary Fig. 13 , this choice was instrumental to avoid the artefactual, progressive decrease with time of the slope of the ensemble average meansquare-displacement curve, due to the contribution of slow nanoparticles becoming predominant at longer times.
Replication
Describe the measures taken to verify the reproducibility of the experimental findings.
In order to validate the reproducibility of the experimental results and to estimate the variability of experimental replica, we collected data from at least three different samples (coverslips) for each experimental condition. Data collected from the different samples (coverslips) returned in all cases quantitatively comparable results and have thus been pulled together.
Randomization
Describe how samples/organisms/participants were allocated into experimental groups.
In the study no randomization was necessary because samples were not allocated to groups.
Blinding
Describe whether the investigators were blinded to group allocation during data collection and/or analysis.
Investigators were not blinded during data acquisition and analysis but, in some experiments, data have been collected and analysed by different investigators. Blinding with regards to sample collection was not possible because we had to image cells that are scattered on a coverslip. We thus needed a given investigator to search for cells on the coverslip prior to the acquisition. Blinding was not possible for group allocation, since a given investigator had to prepare the sample (internalization of nanoparticles) and to image it. Note: all in vivo studies must report how sample size was determined and whether blinding and randomization were used. 
Statistical parameters
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the Methods section if additional space is needed).
n/a Confirmed
The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)
A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same sample was measured repeatedly A statement indicating how many times each experiment was replicated
The statistical test(s) used and whether they are one-or two-sided Describe the software used to analyze the data in this study.
We used custom written MATLAB R2015a (MathWorks) routines to analyse data, run numerical simulations, and plot results into density maps. Details about simulations and the functions used to plot the density maps are given in the Methods section. The core of the single-particle-tracking code is based on the routine MTT published by Sergé et al. (Nature Methods 5: 687-694, 2008). We also used ImageJ/FIJI 1.51g, MATLAB R2015a, and Origin SR2 2017 (OriginLab Corp.) to prepare still images and videos, and generate the graphs and plots presented in the manuscript as well as in the Supplementary Information. As indicated in the code availability statement included in the manuscript, all custom written routines will be made available to readers by the authors upon reasonable request.
For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for providing algorithms and software for publication provides further information on this topic.
Materials and reagents
Policy information about availability of materials 8. Materials availability Indicate whether there are restrictions on availability of unique materials or if these materials are only available for distribution by a third party.
All unique materials used in the study are readily available from the authors (ferritin nanoparticles) or from standard commercial sources (polystyrene/polymethacrylate nanoparticles available from Micromod Partikeltechnologie GmbH, Germany).
Antibodies
Describe the antibodies used and how they were validated for use in the system under study (i.e. assay and species).
No antibodies were used in the study.
